Abstract
Introduction

46
Carbonaceous material (CM) is commonly associated with gold in metasediment-hosted which were metamorphosed to prehnite-pumpellyite facies in the Jurassic (Mackinnon, 1983;  105 Mortimer, 1993) . There is a generally symmetrical regional increase in metamorphic grade of 106 these protolith metaturbidites through pumpellyite-actinolite facies and lower greenschist 107 facies towards the core zone of the schist belt (Figure 1 ; Mortimer, 1993) . The rocks become 108 progressively more recrystallized and foliated through this increase in metamorphic grade, 109 and the schists in the core of the belt have been pervasively recrystallized with several 110 generations of folding and foliation development (Mortimer, 1993) . Amphibolite facies rocks 111 underlie the core upper greenschist facies rocks, and these have been tectonically exposed The consistent protolith composition that persists across the whole schist belt has enabled 118 geochemical comparison of metal and metalloid contents at different metamorphic grades, in 119 order to quantify metamorphogenic mobilization of these elements (Pitcairn et al., 2006 (Pitcairn et al., , 2010 2014). Gold and arsenic, in particular, have been demonstrably mobilized on a regional scale 121 during metamorphism, with prominent decreases in contents of these elements in the 122 transition from the lower greenschist facies to amphibolite facies (Pitcairn et al., 2006 (Pitcairn et al., , 2014 .
123
These elements were initially weakly enriched compared to the average crustal 124 concentrations, on a regional scale, in diagenetic pyrite in the prehnite-pumpellyite facies 125 protoliths, and prograde metamorphic recrystallization of that pyrite facilitated mobilization 126 of Au and As Pitcairn et al., 2006 Pitcairn et al., , 2010 Pitcairn et al., , 2014 . Minor intercalated 127 metabasic layers in the metamorphic pile did not contribute significantly to the amount of 128 mobilized Au, and were local sinks for mobilized As (Pitcairn et al., 2014 All of the orogenic systems depicted in Figure 1 have been mined historically at some stage, 137 but production has been small. However, one such set of historic mines, at Macraes ( Figure   138 1), has been developed into a world-class deposit, with more than 9 million ounces gold the Macraes gold mine, as well as mineralized graphitic sheared rocks, were collected from 165 the Golden Bar pit, a satellite pit of the main Macraes mine described by Large et al. (2012) .
166
A total of 40 samples were collected, with 6 samples from the prehnite-pumpellyite (P-P) 167 facies, 18 samples from the pumpellyite-actinolite (P-A) facies and 16 samples from the 168 lower greenschist (GS) facies. 
Petrographic methods
180
Petrographic samples were prepared as thin sections for optical microscopy, scanning 181 electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) to characterize 
205
The G band includes a wide peak at ~1550 cm -1 on the left shoulder of the main G peak, and In the second-order region, the typical peaks for CM in previous studies are located at 2400, 212 2700, 2900 and 3300 cm -1 (Figure 3A The measurements were collected on randomly oriented grains, with a fixed orientation of the 239 polarized laser beam (Table 1) . 5 -10 spectra were acquired for each sample except FF-14
240
and GB-4-B. Polishing has been reported to induce disorder of CM at the nanometre scale the extent to which sample orientation affected the spectra was also investigated.
256
Measurements presented in this study were made with a linearly polarized laser, so 257 measurements made with a circular polarized laser, which is insensitive to crystal orientation,
258
were made to assess the extent to which pleochroism affected the spectra. CM grains from orientations were calculated for each set of data (Table 2 ). Uncertainties presented in Table 2 267 are the ratios of one standard deviation to the average value. 
289
The following ratios were used to characterize the Raman spectra:
I X is the intensity of peak X above the background-corrected baseline, W X is the width of 297 peak X at half maximum height, and A X is the integrated area of peak X above the baseline.
298
These ratios are plotted against the estimated ranked metamorphic grade, from P-P to lower 
Results
311
Raman spectra
312
The CM in these samples was divided into four types, designated CM 1-4 herein, based on grades, but is less common in P-P facies (mode ≈ 2%) and lower GS facies (mode ≈ 3%) and 316 more abundant in P-A facies (mode ≈ 6 -10%). CM 3 is found in P-A facies (mode ≈ 7%)
317
and lower GS facies (mode ≈ 8%), including the host rocks of the Golden Bar pit, and CM 4
318
(mode ≈ 5%) is only observed in mineralized rocks. wavenumbers of 2670 cm -1 (S1), 2925 cm -1 (S2), and 3207 cm -1 (S3) and they are typically 326 present in spectra from low-maturity CM at 2663 ± 27 cm -1 , 2923 ± 17 cm -1 , and 3206 ± 9 327 cm -1 , respectively (n = 4).
329
The Raman spectra of CM 2 (see Figure 3D ) exhibit a relatively low intensity, wide (up to respectively. The Raman spectra of CM 3 (see Figure 3E ), which is found in upper P-A and lower GS 339 facies, are considerably different from those of CM 1 and CM 2. In the first-order region, 
344
(n = 5). In the second-order region, CM 3 is distinguished by spectra with a very high 345 intensity S1 peak and an additional S5 peak around 2470 cm -1 that is not observed in the 346 other samples. Some spectra also have an S4 peak (2128 cm -1 ), S6 peak (3351 cm -1 ) and S7 347 peak (3610 cm -1 ).
349
The Raman spectra of CM 4 (see Figure 3F ), which is found in the mineralized rocks, are orientation, were only observed in CM 3. These peaks, therefore, were not considered further.
11
The effect of crystal orientation is therefore considered to be negligible for most measured Figure 4D) 395 R4, the ratio of the S1 peak to the total S peak area, is consistently low at 0.42 ± 0.05 (n = 16) Gold concentrations were below the detection limit of 0.01 ppm in all P-P facies samples. and lower GS facies from Lake Hawea and lower GS facies samples from the host rock at the 440 Golden Bar Pit. This CM is also optically and texturally distinct from the other CM types.
R4 (
441
CM 3 has a sub-rounded grain shape with an elongate elliptical habit, is less than 4 x 10 µm 442 in size, and is light grey with low reflectivity in reflected light ( Figure 8A ). In all of the CM widths that decrease with metamorphic grade, consistent with previous work, and R1
471
decreases with grade through the P-P facies. However, in contrast to most previous results,
472
R1 shows an overall increase between P-A to lower GS facies in spectra measured from 473 samples from this study. The observations of R1 trends from this study are, however, temperature. Rahl's (2005) thermometer is considered to be more applicable to our study area,
502
as the evolution of Raman spectra in the samples is probably more complex than can be 503 described simply by an area ratio. (Table 3) , which is consistent with the relative maturity of CM inferred from the spectra, Framboidal diagenetic pyrite grows in low-energy environments where the distinctive 525 framboidal texture can be preserved for long periods of time (Love, 1964; Rickard, 1970) .
526
Early diagenetic processes have long been known to form framboidal textures through the 527 involvement of organic matter (Chauhan, 1974; Love, 1965; Rickard, 1970; Taylor and 528 Macquaker, 2000). Rickard (1970) proposed that framboids form from by pseudomorphism inferred to be diagenetic, with low maturity and low temperature CM 1 in lower P-P facies
533
suggests an in-situ origin for CM 1. comparable to those of kerogen. However, CM 2 in lower GS facies rocks has higher 557 maturity Raman parameters than CM 2 in P-P and P-A facies samples, which can be 558 attributed to either deposition from higher temperature fluids in the lower GS rocks, or to 559 metamorphism subsequent to deposition.
561
Rare framboidal pyrite grains are found sparsely disseminated through CM 2 in sample FF-04.
562
This inclusion of pyrite in CM 2 is quite different to the more intimately intergrown CM 1 - to as graphite in this area was deposited from metamorphic fluids prior to gold mineralization.
575
We propose that CM 2 is similar to the graphite studied by Henne and Craw (2012) ( Figure   576 10), and infer that CM 2 was deposited from fluids. According to the Raman results, CM 3 is the highest maturity carbonaceous material 580 examined in this study, and the strikingly high R4 value and S1 peak area indicate that CM 3 581 has high crystallinity. The orientation dependence of the S peaks for CM 3 supports this 582 conclusion; as the grains of CM become larger and better ordered then greater anisotropy is 583 expected ( Table 2 ). The black bands that contain CM 3 cross cut the foliation, which suggests 584 that CM 3 has been recrystallized and remobilized during syn-to late metamorphic processes 585 in mainly lower GS facies rocks ( Figure 8A , B & C). CM 3 is, on the basis of Raman spectra 586 results, the most mature CM type observed in this study.
588
This CM 3 material is assumed to be equivalent to the CM documented by Pitcairn et al.
589
(2005) in unmineralized samples from Lake Hawea taken from the same outcrops as those 590 used for this study, since only one type of CM was observed in these rocks. Interestingly, temperature of CM 4 from Raman spectra is around 339 °C (Table 3) , which is similar,
610
within error, to the mineralization temperature of 300 -350 °C (Craw, 2002 
Synthesis of relationships between CM and Au in the Otago Schist
627
There is a general increase in maturity of CM towards graphite with increasing metamorphic 628 grade in the Otago Schist, from CM 1 to CM 2 to CM 3 ( Figure 3 ; Table 3 ). The crystallinity The diagenetic pyrite recrystallized to coarser grained pyrite, and ultimately transformed to are very similar in the matrices of P-P, P-A, and lower GS facies rocks ( Pyrrhotite is the principal sulfide mineral in the amphibolite facies rocks, and both pyrite and 665 pyrrhotite can be present in different rock-types throughout the metamorphic transition from The evidence collected in this study, combined with previous work, shows clearly that 
